Introduction

Significance of testing rocket propulsion devices using numerical models
Experimental testing, however attractive, is usually too expensive to be practical for research purposes in fields employing high value experimental samples. Therefore, computer models can be used as a substitute to achieve the same, if not more accurate results. Currently, the most common approaches are largely based on static firing tests [1] . The resulting empirical results allow for the evaluation and understanding of models and hypotheses in greater detail. However, the main drawbacks of static firing tests (high cost and labour intensity) limit the practicality of investigations into rocket propulsion technologies outside of government funded research [2] . However, the vast array of readily available computing power can be used to mimic static tests by running computer simulations. These simulations allow for the collection and processing of a greater array of data points, because everything is simulated in a mathematical plane and can be traced back or re-played on demand. Unfortunately, internal ballistics modelling is quite challenging and requires significant computational resources. It is still quite expensive, however with the ever-evolving cloud computing technology, numerical simulations are becoming an increasingly more attractive option over static tests.
As an example, one of the key differences of solid propellant motors is the ever-changing surface area of the combustion chamber walls, also called the evolution, erosion, or moving wall [3] . Meanwhile, the solid propellant burning surface changes throughout the combustion process with regards to its initial condition, which is based on the solid propellant grain geometry [4] . This process is presented in Fig. 1 . It is noteworthy that this paper does not contain an investigation of the nozzle throat erosion, aging of the propellant [5] and only addresses the combustion process and its influence on the system. Owing to the reasons described above, the numerical methods used for computer modelling of rocket propulsion devices are different depending on the type of propellant.
Increasing popularity of the practical use of numerical models
Numerical models for rocket propulsion applications are becoming increasingly more affordable for small scale research and the private space industry. Increasingly more research is being performed by employing numerical methods for rocketry and space applications [6] . These developments have become available because of relatively cheap and abundant computational resources, which can be harnessed from computer clusters/clouds [7] , local machines, or even low power computing clusters of various architectures [8] . For example, most of the research and development (R&D) prototypes at the private space exploration company "SpaceX" were developed using numerical methods in the "cloud" rather than by static testing. This approach allows the saving of an enormous amount of labour and money, and in turn enables companies and researchers to expedite the iteration of propulsion system designs [9] .
Key challenges of numerical method-based simulations
Despite the advantages of numerical method-based simulations, there are still significant challenges that must be 120 considered before employing this technique. The main issue of classical analytical methods is the need for homogeneous (linear) models, which is not a realistic assumption in fluid dynamics, and therefore does not represent the physics accurately. For this reason, numerical methodbased computer simulations are an attractive option, as they are capable of dealing with the chaotic nature of multiple, high energy reactions occurring simultaneously. However, numerical methods have inherent challenges that do not need to be considered in experimental approaches. One of the key challenges is the initialization of the solution, which requires the setting of all environmental parameters semisubjectively. This is important because the parameters must represent the environment in which the model has to operate in, and therefore a slight divergence from reality may render the simulation results useless and impossible to reproduce in the field. Another key challenge is the determination of the numerical schemes. Unfortunately, there is no "right" answer when it comes to choosing one, and thus, the simulation results can vary, on a case by case basis.
Problem description
Motor description
A rocket motor with a nominal average thrust of 12000 N (RM-12K) that uses solid propellants was used in this study. Furthermore, the RM-12K is also used in the rocket target with body diameter of 400 mm (RT-400) aerial target system [10] that was developed for the STINGER and GROM anti-aircraft missile defence systems [11] . The motor consists of seven main parts: 1. Igniter, 2. Pressure build up membrane, 3. Nozzle, 4. Solid propellant grain, 5. Case, 6. Sealing rings and couplers, 7. Motor cap. Full composition of the rocket motor as depicted in Fig. 2 below. 
Motor properties and composition
The properties and composition of the motor had to be tailored and fine-tuned to achieve the desired motor characteristics. The RM-12K uses a solid rocket propellant with a specific grain geometry, which controls its combustion properties. The motor grain geometry was chosen as a neutral star type with an ammonium nitrate composite-based propellant (ANCP) forming the grain. Moreover, the propellant was designed specifically for this motor, using six main components. Those components were divided into 3 groups. 1 -oxidizer, 2 -fuel, 3 -binder. The chemical composition and other physical properties of the propellant are shown in Table 1 . From the simulation, the molecular weight of mixture was 23.896 mol/g and gas specific heat was 2102 J/kg/K. The performance calculations showed that the specific impulse of the designed ANCP propellant was 235 s.
The Propellant Evaluation Program (PEP) software was used to obtain the chemical kinetics data. The software itself was developed for designing and analysing the composition and performance of propellants [12] . To avoid numerical complexities, the igniter and ignition period were excluded here. The ignition process was simulated with constant conditions for the temperature and density of the jet gas escaping from five jets, which mimicked igniter jet holes. The design process of the RM-12K involved custom tailoring of the properties and composition of the propellant grain and its shape. The motor model was designed using CAD software and exported as stereographic (STL) format models for future pre-processing.
Model and methods
Mass conservation
To solve the partial differential equations using numerical methods, assumptions must be made, and boundaries are introduced. The main equations are based on fluid dynamics and thermodynamic laws regarding physical continuities. Hence, conservation of mass (mass continuity equation), Eq. (1), describes how mass is conserved in the closed system [13] .
where: VF is the fractional volume open to flow; ρ is the fluid density; RDIF is the turbulent diffusion term; RSOR is the mass source term, and ξ -geometry reference frame type indicator. The velocity components (u, v, w) are in the coordinate directions (r, RSOR, z). Ax, Ay, and Az are the area fractions for flow in the directions corresponding to the grid axis. In the cylindrical coordinate system, the y derivatives must be transformed into azimuthal derivatives. The conversion equation is given as follows:
Fluid motion
The equations of motion for the fluid velocity components (u, v, w) in the three coordinate directions are given by the Navier-Stokes equations with additional terms capable of handling the specific problem represented in Eq. (3). Hence, the velocity magnitude can be derived by the relation
. In this study, the velocity is measured in SI units [14] . 
here: (Gx, Gy, Gz) are the body accelerations; (fx, fy, fz) are the viscous accelerations; (bx, by, bz) are the introduced masses at the source represented by geometric components; (uw, vw, ww) represents the velocity of the source component, and (us, vs, ws) is the velocity component of the fluid at the surface of the source relative to the source itself. The derivation of this source term is given by:
where: dQ is the mass flow rate; ρQ is the fluid source density; dA is the area of the source surface in the cell, and n is the outward normal to the surface. In this case n = 0.0, because the flow is a stagnant pressure type. This means that the source term, which introduces fluid into the domain, has a zero-velocity magnitude at the interface of the propellant surface. As a result, pressure must build up at the source to move the fluid away from the source. This helps to model the emerging fluid from the propellant grain and mimic the grain burning process when emerging fluid creates momentum inside the source component.
Heat transfer
The fluid energy equations Eq. (5) are required to calculate the heat transfer of the fluid. The fluid temperature affects the fluid flow properties during the transition from the combustion chamber, through the throat of the nozzle, before escaping the choked flow into the diverging part of the nozzle, when leaving the domain.
here: I is the macroscopic mixture internal energy where the subscripts DIF and SOR refers to the diffusion and source terms, respectively. Because the model employs a two-fluid problem, ρI is given by:
The heat conduction diffusion process is introduced in Eq. (7).
,
here: k is the thermal conductivity. For this model each fluid is locally weighted by the fluid volume fraction F.
Fluid interface
To model the burning surface of the solid propellant, the fluid interface in the computational cell between the fluid and solid domains must be introduced. Such phenomena can be defined in terms of the volume of fluid function, F (x, y, z, t) [15] . This function represents the volume of fluid per unit volume and is given by Eq. (8) . This interface moves during the simulation, and its parameters are derived by Eq. (9).
where:
1
.
here the diffusion coefficient is defined as
cF is a constant whose reciprocal is sometimes referred to as the turbulent Schmidt number, and FSOR is the density source (corresponding to RSOR in Eq. (1)). For a compressible twofluid simulation, F represents the volume fraction of fluid, and the density is calculated from the compressible fluid equation-of-state.
Numerical schemes
Second-order schemes were used for the approximations of the model equations. First order schemes were used only to check the model's integrity and stability in the first stages. The final simulations were conducted using only second-order, monotonicity-preserving upwind difference method-based schemes. These schemes require greater computational resources, however, are substantially more precise, compared with the first-order schemes. The monotonicity-preserving method was applied to approximate momentum, density, energy, and fluid fraction advection. The discretization scheme is derived using second order polynomial approximations to the advected quantity in each of the coordinate directions [16] . Eq. (10) describes the advection of variable Q in the x-direction, providing the fluxed value through a cell-face
The coefficient A can be calculated from two neighbouring first derivatives by linear interpolation, provided these derivatives are second-order accurate. The latter can be achieved by computing the derivatives at the midpoints between the Qi locations, such as that described in Eq. (11).
Eq. (11) is a second-order accurate first derivative for Q at the point between Qi and Qi+1. To ensure monotonicity, it is necessary to restrict the value of the derivative A [17] . The value of A is not allowed to exceed twice the minimum magnitude of the centred Q derivatives used in its computation:
The momentum advection second-order approximation allows for stable convergence even for unstable, swirling flow. The same second-order schemes for the density and heat transfer equations, avoid the issues of the firstorder schemes, such as numerical diffusion.
Combustion
The simulation was executed without coupling of the direct chemical kinetics modelling. All of the required values for the material properties and coefficients were obtained from a separate investigation, briefly described in the first part of this paper 2. The combustion rate and energy production equations are given by Eqs. (13, 14) , respectively [18] .
here: QM is the combustion gas mass flow rate in kg/s at the gas/propellant boundary; ρsolid is the density of the propellant in kg/m 3 ; P is the pressure of the gas at the solid/gas interface, a is the burning coefficient (empirical parameter), and b is the burning exponent (empirical parameter).
here: QE is the energy produced by the reaction in Joules; QM is the combustion flow rate in m/s; CP is the specific heat of the gas at constant pressure, and Tburn is the propellant burning temperature obtained from the chemical kinetic calculations. Using this model some limitations must be introduced:
1. No additional source terms are introduced into the momentum equations because the combustion is assumed to be of the stagnation type. 2. The combustion gas density is calculated from the ideal gas equation. 3. Direct turbulence effects on the burn rate are ignored. 4. The stress and deformation calculations for the propellant grain are ignored. The model combustion component is described by a stationary component but changes shape and volume according to the evolution of time. These changes are constrained by the initial conditions of the combustion component properties and initial shape of the propellant grain. The combustion component area and volume fractions are computed at the single cell level, for every time step during the simulations until the combustion component is depleted in the computational domain. The primary variable that represents the geometry component is the relative (fractional) volume of the solid in a cell, which is the ratio of the solid volume in the cell to the total cell volume. This relationship is described by Eq. (15) [19] .
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The open volume fraction in a cell, or volume fraction, can then be described in the form of Eq. (16).
The equation for the change in the solid propellant content in the computational cell can be written in the form of Eq. (17) , where the open area of the burning surface of the solid propellant of the cell is dA. Fig. 3 illustrates the interface region used in computation for the combustible element, where the control volume is the computational domain mesh element (cell), and fractional parts of the solid propellant (Vsolid) and fluid domain fraction (gas). 
The energy produced by the combustion process is distributed over the gas volume at the burning surface interface. After introducing the processes described above, the diffusion and convection processes are calculated, and the mass transport equation is solved for the gas produced by the reaction. This equation can be described by the mass source relation for the combustion chamber pressure:
Model setup
Model key assumptions
The following assumptions and constraints are used for the numerical method-based computer simulation. The simulation was executed using an 8-core workstation grade machine. The simulation type was set to transient, and the physical end time was set to 5 s. This was performed with an additional adaptive time step term. This approach allowed the capturing of the entire combustion process, until the propellant was completely depleted. Moreover, a coarsen time step was chosen to expedite the simulation because of the time required to calculate the changing computational domain interface, which limits the simulation progress. Moreover, the initial time step was set to 245 ns. This value was chosen from the results of the previous simulation, which was the most time saving time step to provide stable convergence, and the time savings of the initial phase of the simulation. Furthermore, the minimum and maximum time step sizes were set to 1 ns and 0.1 s, respectively. The maximum time step was chosen to capture the final moments of the simulation when the combustion process was already over. The total computation time for one simulation, comprising 170 million iterations, was approximately 2571000 s. In conclusion, the assumptions and constraints of the simulation were designed to optimize the time taken to complete the simulation, while maintaining an acceptable result accuracy. As a result, the simulation required 715 h of computing time on average using an 8-core machine.
Geometry and mesh setup
The imported geometry and computational mesh setup had the following properties. The model was cylindrical and axisymmetric; meshed with structured hexahedral cells in a cylindrical reference frame. Moreover, the computational domain height and dimeter were 1.12 and 0.2 m, respectively, with a computational cell count of 162000. For post processing purposes, two cutting planes were used to represent the simulation results. The first cut was made across the centre axis of the motor, providing a representation and visualization of the combustion process inside the rocket motor. A second cut was made perpendicular to the first cut to extract the cross-sectional view of the rocket motor. Both cutting plane locations are illustrated in fig. 4 . Furthermore, two probes were created and strategically positioned to allow the simulation to capture and record specific data values. One probe point was constrained to the same position as the pressure probe in the real-life experiment that was completed prior to the simulation. This probe was labelled Probe 1 and placed near the head section. A second probe was placed at the very end of the nozzle and was labelled Probe 2. The setup was designed to effectively capture and monitor the simulation data, for the purpose of comparison with the results obtained by previously performed static tests.
Initial simulation conditions
The initial conditions for the simulation were constrained to the fluid domain with a 300 K initial air temperature inside the combustion chamber and 1.01325 bar (101325 Pa) uniform atmospheric pressure. Moreover, a mass momentum source element was created to represent the propellant igniter. This artificial source had to mimic the real ignition process, and therefore, the same combustion gas properties were used as those of an actual propellant. Furthermore, the temperature, flow rate, and gas density were 1200 K, 0.02 kg/s, and 10 kg/m 3 , respectively. The igniter/mass source surface dimeter was 0.01 m. There were five surfaces in total. One of the mass sources was placed perpendicular to the domain axis, and the other four were positioned in a cylindrical pattern around the domain axis, equally spaced at 45° angles. Finally, the igniter was placed near the Probe 1 location with a 0.4 s ignition time. The initial conditions were chosen to closely represent the experimental environment.
Boundary conditions
The boundary conditions are very important for obtaining the desired simulation results. The boundary conditions for the cylindrical domain were constrained with the same symmetry for all boundaries, except for the periodic boundaries in contact with each other, which is necessary in cylindrical meshes when the full domain is simulated. Furthermore, to achieve a stable convergence, the boundary at the end of the nozzle was constrained as a pressure outlet. To conclude, this relatively simple set up of boundary conditions is all that is required to obtain the physical results.
Setup for a specific numerical code
Some key assumptions had to be considered for the specific numerical code. The discussion below describes these assumptions and the reasoning behind them. Two computational domains, solid and fluid, were constrained with different additional properties for different geometric parts. All of the properties for the fluid and solid domains required for the simulation are described in Table 3 .
Which could possibly develop issues regarding information transfer between the centres of the cells. Finally, all numerical schemes for the final simulations were explicitly executed. For time saving purposes, an adaptive time step was introduced into the simulation. Gravity was also introduced into the model. A graphic representation of the model in the Flow-3D graphical user interface is shown in Fig. 4 . The arrow pointing towards the right indicates the gravity vector constraint. This indicates that static firing testing was executed having motor in the same position as described below. In conclusion, it is noteworthy, that different assumptions may be required if our results are replicated using a different numerical code.
Results
Method for capturing the simulation results
The methodology for capturing and presenting the simulation results was determined as follows. First, for the graphical representation, the simulation results were captured for six different time marks: 1 -initial state at t = 0 s, 2 -1/5 of the finished combustion process at time t = 1 s, 3 -2/5 of the initial combustion process at time t = 2 s, 4 -3/5 of the combustion process at time t = 3 s, 5 -4/5 of the combustion process at time t = 4 s, and 6 -finished combustion process at time t = 5 s. This was performed to clearly represent the changing evolution of a solid propellant grain throughout time. Second, the data used to plot the results were obtained from the probe points and mesh results. Moreover, the data for the burn distance and open area of the combusting grain surface and volume were obtained from the results of the mesh dependent history. Meanwhile, the pressure and temperature were extracted from the probes. Additional data were obtained, representing the thrust and total impulse of the motor. Finally, all of the data were captured from the very beginning of the simulation, only skipping the igniter execution time of 0.4 s. Most importantly, the pressure and temperature data were simultaneously collected by all during the simulation.
Discussion of the results
After post processing the simulation data, the results were obtained. The probe sample points for the pressure and temperature are provided in Figs. 5, 6, 7, and 8. The temperature readings were only obtained from the simulations. The temperature probes used in the static test were unable to capture reliable data because the temperature was too high and exposure time too long of the hot combustion gas. At the Probe 1 location, the temperature readings were: 1 -initial state at t = 0 s, 300 K; 2 -1/5 of the finish combustion process at time t = 1 s, 2359 K; 3 -2/5 of the initial combustion process at time t = 2 s, 2360 K; 4 -3/5 of the combustion process at time t = 3 s, 2350 K; 5 -4/5 of the combustion process at time t = 4 s, 2338 K, and 6 -finished combustion process at time t = 5 s, 1895 K. The temperature sampling data of Probe 2 were different from that of Probe 1. This was caused by the combustion gas escaping from the combustion chamber through the nozzle throat. As a result, heat energy was released because of the converging-diverging nozzle. The temperature data readings of Probe 2 were: 1 -initial state at t = 0 s, 300 K; 2 -1/5 of the combustion process at time t = 1 s, 1382 K; The sample data of the average fluid temperature were obtained from the whole computational domain. This was performed to determine the required thermal protection solutions. High temperatures inside the combustion chamber can lead to failure of the mechanical components due to high thermal loads. From the sampled data, the average fluid temperature inside the combustion chamber was 2080 K, which demonstrates that adequate thermal protection is necessary to obtain nominal motor performance parameters and avoid catastrophic failures due to component rupturing. The performance of the motor is deeply coupled with its combustion surface area. This is a key parameter when designing rocket motors for specific performance requirements. The open surface of the solid propellant rocket motor from the beginning of combustion until the propellant was depleted completely, is shown in the plot above (Fig  10) . To obtain a greater understanding of the results, the change in the combustion propellant grain volume was plotted in Fig.11 . The combustion stability was determined, which is based on a stable regression of the propellant volume during combustion. According to these results, the combustion was stable during the entire combustion until the sliver phase was reached, and then continued steadily until the propellant was depleted completely. The volume of the propellant steadily depleted from the initialization (0.011 m Figs. 14 and 15 depict the evolution of the propellant grain during combustion at different times. The key advantages of being able to monitor and measure the changes in the propellant surface area and its shape over time is that the inner workings of the motor can be understood, and the parameters fine-tuned for a better performance. Moreover, the data provided by the cross section would not otherwise be available if only static testing had been performed. Furthermore, as shown in Fig. 14 the propellant grain transforms as it combusts. The vector field is included to represent the fluid motion. The data are also colour coded to represent the different components within the RM-12K motor.
Model validation
The model used for the simulation was valid and physically correct according to the observed parameters during the static testing and correlated within a reasonable degree of confidence to the parameters obtained during the simulation. The experimental results of the changes in pressure and thrust over time were evaluated (Fig. 16) . Moreover, the aforementioned data were compared with the results obtained from the simulation. This was performed to test the model compatibility, and from the observed results, it can be concluded that the model is capable of representing all of the key characteristics of the combustion process of the solid propellant rocket motor. 
Conclusions
In conclusion, the numerical methods-based simulations are a viable option for the design and development of solid propellant rocket motors, and in some cases are even more advantageous than static testing.
1. This research paper describes the method with regard to numerical simulation of the dynamically changing solid propellant grain domain which is crucial in a solid propellant rocket motor design process.
2. The mesh of the computational domain was cylindrical, structured and based on hexahedral elements, where the entire computational domain consists of 162000 computational cells.
3. Simulation results were obtained using 8 core, workstation grade machine in which the simulation took 714.36 hours to complete.
4. The generated data was post processed and plotted into graphs. In addition, the authors have captured evolution of the combusting solid propellant grain at a specific time interval and depicted them to acquire a better insight of the combustion process itself.
5. Results were represented as 3 different types of graphs. 1 -probe data which monitor pressure, and temperature over time, 2 -mesh dependent data which represents an average fluid temperature, open surface of combusting propellant and volume of the propellant over time. 3 -derived plots which represent the burning rate of the propellant and the thrust produced by the rocket motor.
6. Data from Probe 1, that is positioned near the motor's cap and represents pressure and temperature, has shown readings of 25 bar and of 2242 K in average respectively. Additionally, the data from Probe 2, positioned at the nozzle exit and representing pressure and temperature, has shown readings of 0.83 bar and 1363 K in average respectively.
7. The average fluid temperature in the entire domain was 2080 K, the open surface of the propellant grain, excluding sliver phase, was 0.36 m 2 in average, the propellant grain volume, excluding sliver phase was regressing steadily in a linear-like manner which has shown a stable combustion behaviour.
8. Average burn rate of the motor was 0.01 m/s and the thrust produced by the motor was 9891 N in average. 9. The model was capable to accurately capture the entire combustion process including the sliver phase which provided significant additional benefits for the future development and optimization of the rocket motor RM-12K.
In conclusion, it is possible to reproduce static test data using numerical methods based on computer modelling and simulations. This approach provides additional insights that are useful for a better understanding of the processes involved in combustion related problems and the internal ballistics of solid propellant rocket motors. This enables the optimization of the design parameters with minimal cost and maximum benefit.
